Objectives: Free ritonavir, lopinavir and efavirenz injected intraperitoneally were compared with antiretroviral (AR) nanoparticles (NPs).
Introduction
Combination antiretroviral (AR) therapy (ART) has significantly reduced HIV-1 disease morbidity and lengthened life expectancy. Combinations of AR drugs from different classes have been proved to offer sustained efficacy, durability and long-term safety as long as the patient maintains a high adherence rate. The nucleoside-class-sparing regimen of ritonavir, lopinavir and efavirenz has been evaluated in several small trials. 1, 2 The results of these trials demonstrated that this regimen containing lopinavir/ritonavir and efavirenz can reduce viral load to nondetectable levels in .80% of patients and should be considered a treatment option for treatment-naive patients.
Controlling viral replication allows at least partial reconstitution of the immune system. However, despite sustained viral suppression for prolonged periods, eradication of HIV-1 from patients has not been achieved. A number of factors make eradication of HIV-1 by ART difficult, including: long-term adherence to complex AR regimens of drugs with low margins of pharmacokinetic deviation; viral reservoirs that survive in the presence of ART; and the potential existence of sanctuary sites within the body where AR drug concentrations are not optimal. 3 Additionally, treatment failure due to non-adherence, emerging resistance to ARs and limited global access has prevented worldwide suppression of HIV infection using ART. 4, 5 Here we present initial data that AR nanoparticles (NPs) containing lopinavir/ritonavir and efavirenz deliver sustained concentrations of ARs in the serum and organs of non-infected BALB/c mice. Additionally, we studied the in vitro efficacy of the AR NPs using single-dose replication assays. This is the first report of the in vivo pharmacokinetics and in vitro efficacy for triple-drug AR NPs.
Methods
AR NPs containing ritonavir, lopinavir and efavirenz were fabricated using a homogenization solvent extraction procedure as previously described. 6 Briefly, a water-in-oil-in-water emulsion of poly(DL-lactide-co-glycolide) (PLGA) polymer in methylene chloride containing 20 mg of each of the AR drug powders (Sequoia Research Products Ltd, UK) was used to fabricate the NPs. This was homogenized in 0.1% polyvinyl alcohol and added to 1% Pluronic F-127 at 100 W. The methylene chloride was evaporated from the emulsion over 4 h; the emulsion was rinsed with double-distilled water, centrifuged at 15000 rpm (48C) for 30 min and lyophilized for 24 -48 h. Drug loading and entrapment efficiency were determined as previously described. 6 The lyophilized NP powder was weighed and the equivalent of 20 mg/kg was dissolved in PBS and injected into BALB/c male mice (25-28 g) intraperitoneally. Free drug powders (20 mg/kg) of ritonavir, lopinavir and efavirenz were dissolved in ethyl alcohol (10 mL/mouse) and then further dissolved in PBS and injected intraperitoneally. Animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC #0833) of Creighton University. Animals were treated in accordance with relevant care guidelines. At specified times (0.08, 0.125, 0.25, 0.33, 1, 2 and 3 days for free drugs only; 0.125, 0.33, 1, 2, 4, 7, 14, 21, 28, 35 and 42 days for AR NPs), mice (n¼3/timepoint) were euthanized using a CO 2 chamber and organs (spleen, liver, kidneys, brain and testes) and blood (100 -150 mL) were removed from each mouse. Blood was allowed to clot, clarified by centrifugation (1000 g) and the serum harvested. The organs were harvested, immediately placed on ice and frozen (2808C) until analysed by HPLC. For HPLC analysis, an aliquot of the organ tissue was weighed and placed in a microfuge tube where 500 mL of 100% methanol was added to tissue and serum samples. The tissue was homogenized using a pellet homogenizer, equilibrated at 48C for 30 min and then centrifuged (11 400 rpm for 15 min at 48C). An aliquot of the supernatant (20 mL/ injection) was added to autosampler vials with glass inserts. Lopinavir, ritonavir and efavirenz concentrations were determined using an HPLC instrument (Shimadzu Corp., Columbia, MD, USA) using a previously published HPLC method. 7 Tissues and serum samples were assayed in duplicate and standards assayed in triplicate for each experiment. The organ/ serum sample concentrations were calculated using EZ-Chrom software (Shimadzu Corp.) using the peak area of the standard curve (2.25-50 mg/ mL) that was performed on the same day. Intra-day and inter-day variability of the standards was calculated as ,10%.
Frozen elutriated monocytes were obtained from AllCells, LLC (Emeryville, CA, USA). Cells were thawed in a water bath at 378C and counted using Trypan Blue exclusion. Cells (5×10 5 /well) were placed into 4-well chamber-tek slides (Nunc, Lab-tek; Fisher, St Louis, MO, USA) with filtered sterilized Dulbecco's modified Eagle's medium containing 10% human serum, 2 mM L-glutamine, 1% penicillin/streptomycin and 10 mg/mL ciprofloxacin. Medium was supplemented with 1000 U/mL macrophage colony stimulating factor (R & D Systems, Inc. Minneapolis, MN, USA) to differentiate the cells into macrophages after 7 days of incubation. 8 Medium was half-exchanged every 2 -3 days throughout the experiments. On day 7, medium was removed and fresh medium (medium as above without macrophage colony stimulating factor; medium B) was added to the cells. Monocyte-derived macrophages (MDMs) were infected with HIV-1 ada (AIDS Research Resources, NIH, Bethesda, MD, USA) overnight at a multiplicity of infection (moi) of 0.01. The next morning, the medium was removed, the cells were washed with warm PBS and fresh medium B was added to the cells. Cells were inoculated with 0.01 and 0.1 mg/mL blank NPs, free efavirenz (0.01 and 0.1 mg/mL), free lopinavir/ritonavir (0.01 and 0.1 mg/mL each drug, respectively) or 0.005 and 0.05 mg/mL AR NPs for 4 h in triplicate. After 4 h the medium was removed, the cells were washed with warm PBS and fresh medium B was added to the cells for the remainder of the experiment. On days 5, 7 and 10, medium was collected, passed through a 0.22 mm filter and stored at 2808C. p24 antigen ELISA assays were performed according to the manufacturer's instructions (Advanced Bioscience Laboratories, Inc., Kensington, MD, USA). All samples were assayed in duplicate for each experiment. The ELISA data are presented as means+SEM of triplicate experiments.
The area under the serum concentration-time curve to the last concentration (AUC 02last ) was calculated by the trapezoid rule using pharmacokinetic software (PK Solutions version 2.0; Summit Research Services, Montrose, CO, USA). Comparison of AUC 02last and peak serum concentrations was performed between free drugs and AR NPs using Student's t-test (SPSS, Chicago, IL, USA). The a priori level of significance was 0.05. Data are presented as means+SEM.
Results
The delivery and sustainability of AR-containing NPs was assessed by comparing the serum and organ concentrations of AR over time with free injected ARs. The serum and organ concentrations of the free (20 mg/kg) lopinavir/ritonavir/ efavirenz combination drug treatments are shown in Figure 1 (a, c and e). The peak free AR drug concentrations in the serum were found at 4 h post-injection (ritonavir 3.9+3.1, lopinavir 3.4+2.5, efavirenz 1.8+0.63 mg/mL). The free AR drugs were eliminated to non-detectable concentrations in all tissues and serum by day 3.
AR NPs were synthesized using a homogenization solvent extraction procedure. The size of the AR NPs averaged 331.2+77.2 nm with an average surface charge of 213.8+1.9 (n¼ 4 batches of NPs). AR NPs were injected into mice intraperitoneally and samples were collected for a total of 42 days. The concentrations of ARs found in the serum and organs for the mice treated with 20 mg/kg of the combination drugs in PLGA NPs are shown in Figure 1(b, d and f) . In stark contrast to the free injected ARs, the delivery of AR in NPs resulted in a substantially longer presence of ARs in all tested organs and serum. Detectable concentrations of ARs were found in serum and tissue up to 28 days post-injection. Compared with the free injected ARs the peak AR drug concentrations in serum were lower (ritonavir 0.72+0.02, lopinavir 1.0+0.1 and efavirenz 1.0+0.15 mg/mL; P.0.05). The AUC 02last was significantly higher (P,0.05) for efavirenz from AR NPs (ritonavir 97.9+137.2, lopinavir 183.4+169.3 and efavirenz 230.6+80.6 mg h/mL) compared with free drugs (ritonavir 17.2+9.7, lopinavir 22.6+22.5 and efavirenz 20.4+21.1 mg h/mL). Lopinavir and ritonavir AUC 02last were not significantly different, averaging .8 and .5 times higher than the free drugs, respectively.
To determine whether AR NPs would penetrate the bloodbrain barrier, we determined brain tissue concentrations of the AR drugs. For all three of the ARs, the peak concentrations delivered to the brains of mice injected with NP ARs were significantly higher (P,0.03) than for the mice injected with soluble ARs. None of the three freely injected ARs reached a concentration of .1 mg/g in brain tissue during the experiment. In sharp contrast, the concentrations of ARs delivered by NPs peaked at concentrations of .5 mg/g in the brain. Indeed, lopinavir concentrations in the brain were still detectable (averaging 1.2 mg/g) 35 days post-injection of the single dose.
To determine whether sustainable inhibition of virus replication was achievable with single AR NP delivery, we assayed the replication of HIV-1 ada in MDMs given a single 4 h treatment with either free ARs or AR NP suspension. Virus replication was monitored by p24 antigen ELISA of supernatants at 5, 7 and 10 days post-infection. Assays were performed with two different concentrations of AR NPs (0.005 and 0.05 mg/mL; Destache et al. Figure 2a and b, respectively). A single 4 h treatment of efavirenz and lopinavir/ritonavir as free drugs (0.1 mg/mL, respectively) or AR NPs (0.05 mg/mL) resulted in a significant (.90%; P,0.01) inhibition of HIV-1 compared with MDMs treated with either blank NPs or controls. When 0.01 mg/mL free efavirenz or lopinavir/ritonavir, respectively, or 0.005 mg/mL AR NPs was added to the cell cultures the replication assays approached significance (P ¼ 0.073).
Discussion
The results of these experiments show that AR NPs can be fabricated to include three AR drugs using PLGA polymer. The AR NPs released detectable concentrations of the three ARs for a minimum of 28 days in vivo, significantly longer than freely injected drugs. The AUC 02last for the three AR drugs was larger for the AR NPs, but was only significant for efavirenz. These results show that the AR drugs associated with the NPs are able to maintain drug concentrations for a prolonged period. Nanotechnology is a drug delivery method that attempts to maintain similar drug concentrations to a slow continuous infusion, without large fluctuations in the peak and trough concentrations. Additionally, the AR NPs were able to interact with MDMs and inhibit virus replication up to 1000-fold for 10 days. These data provide evidence that NPs may be able to offer sustainable highly active ART with a single intramuscular/subcutaneous injection. There are many patient populations that would find this dosage form useful by offering a less intensive treatment option, including patients in some low-socio-economic countries affected by HIV and non-adherent patients.
NP drug delivery systems have been fabricated with a single AR drug. 9 -18 However, this is the first demonstration of NP delivery with a combination of three AR drugs in the same NP. 
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Examination of the AR time curves show that the AR NPs display a longer residence time within serum and tissues as compared with the free drugs when administered in the same equivalent dose in an animal model. This may be due to a number of factors including the slow breakdown of the AR polymer and/or the cellular uptake of the particles followed by the slow release of the ARs from intracellular breakdown of the polymer. We previously demonstrated efficient uptake by and sustained presence of AR NPs in MDMs. 6 Fluorescent NPs could be visualized in MDMs for up to 42 days (data not shown). Coupled with the in vivo data presented here, a potential mechanism of the movement of the AR drugs to distal organs of the body could be the phagocytosis and transport of AR NPs by peritoneal macrophages via the circulatory system. More research is necessary to track the exact transport of the NPs over time.
The ability of the AR NPs to sustain prolonged concentrations of ARs in tissues may help to eradicate HIV-1 from sequestered sites where free drug concentrations are sub-therapeutic. 19 -21 Moreover, monocytes and macrophages are able to survive the cytopathic effect of HIV-1 replication and support long-term production of HIV-1 virions without significant alteration in their homeostasis. 8, 22, 23 HIV-1-infected MDMs have also been shown to fuse with autologous and heterologous CD4+ T cells and efficiently transmit virus. 24, 25 The AR NP drug delivery strategy may be useful to prevent HIV-1 transmission via this mechanism. Additionally, since NPs release AR drugs for up to 30 days after a single 20 mg/kg dose in mice, this may inhibit HIV-1 in MDMs functioning as a reservoir of HIV-1 infection. However, more AR NP research is necessary to determine whether this could be a viable treatment option. A nonhuman primate model using RT-SHIV, a chimera of simian immunodeficiency virus containing the HIV-1 reverse transcriptase, may be necessary to fully evaluate AR NPs as a treatment modality. Finally, the replication studies demonstrated that single treatments of AR NPs are capable of inhibiting HIV-1 up to 10 days post-infection. A single dose of AR NPs at 5 mg/mL produced a similar level of inhibition to free ARs at 10 mg/mL.
This combination of AR drugs is not typically considered as a first-line treatment regimen for HIV-infected patients; however, several reports demonstrate its utility. In a comparative trial in treatment-naive patients, Riddler et al. 2 showed that lopinavir/ ritonavir +efavirenz as a nucleoside reverse transcriptase inhibitor (NRTI)-sparing treatment option had similar efficacy to efavirenz + two NRTIs after 96 weeks of follow-up (83% and 89%, respectively). In studies of AR-experienced patients, Calmy et al. 26 showed that the percentage of patients who had plasma HIV RNA ,500 copies/mL rose from 25% at baseline to 68% at 2 years using NRTI-sparing regimens. This report also showed that CD4+ cells increased by an average of 111 cells/mL during the same time period.
Currently, PLGA is not considered a mainstay drug delivery system in humans. In an animal model there is one report of the use of PLGA NPs as a sustained delivery option for prophylaxis against HIV. Woodrow et al. 27 reported PLGA NPs loaded with small-interfering RNA (siRNA) as a topical microbicide. The PLGA NPs incorporated siRNA targeted against enhanced green fluorescent protein (EGFP) and were delivered by vaginal instillation into transgenic GFP mice. Mice were monitored over 2 weeks for GFP expression. NPs significantly reduced GFP expression near the cervix as well as in the uterine horns after 10 days. Additionally, it appeared that the PLGA NPs did not produce inflammation when delivered by vaginal instillation. PLGA could be used as a topical microbicide delivery vehicle.
The experiments reported here demonstrate the in vivo feasibility of using PLGA-fabricated AR NPs as a monthly drug delivery system for multiple ARs. A single injection of AR NPs provided serum and tissue concentrations of ritonavir, lopinavir and efavirenz above the IC 50 for wild-type virus for a minimum of 28 days. The efficacy of the AR NPs is shown by their ability to inhibit HIV-1 in vitro comparably to free drugs.
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